A model of aluminium has been developed and implemented in an Ocean General Circulation Model (NEMO-PISCES). In the model, aluminium enters the ocean by means of dust deposition. The internal oceanic processes are described by advection, mixing and reversible scavenging. The model has been evaluated against a number of selected high-quality datasets covering much of the world ocean, especially those from the West Atlantic Geotraces cruises of 2010 and 2011. Generally, the model results are in fair agreement with the observations. However, the model does not describe well the vertical distribution of dissolved Al in the North Atlantic Ocean. The model may require changes in the physical forcing and the vertical dependency of the sinking velocity of biogenic silica to account for other discrepancies. To explore the model behaviour, sensitivity experiments have been performed, in which we changed the key parameters of the scavenging process as well as the input of aluminium into the ocean. This resulted in a better understanding of aluminium in the ocean, and it is now clear which parameter has what effect on the dissolved aluminium distribution and which processes might be missing in the model, among which boundary scavenging and biological incorporation of aluminium into diatoms.
Introduction

1
The distribution and cycling of aluminium (Al) in the ocean has received atten- zone. This is important, since iron is an essential trace-nutrient for phytoplankton, 7 thus its availability has a direct consequence on primary production and air-sea 8 CO 2 exchange. Secondly, there is evidence that Al inhibits the solubility of sedi- gets dissolved from sediments, eventually there will be less silicic acid available in 12 the euphotic zone, which will reduce diatom production as silicon is an essential 13 major nutrient for diatoms. Modified diatom productivity will impact ocean food 14 webs and the export of organic carbon to the ocean's interior. For advancement in 15 both of these fields of interest a good understanding of the Al cycle is pertinent.
16
Currently it is assumed that the major source of Al to the ocean is via dust Stoffyn (1979) ).
128
These issues can be analysed further by the use of numerical models. Since there 129 is a strong spatial variation in aluminium concentration (and its relation to silicon), 130 an ocean general circulation model should be used to simulate the distribution of
131
Al diss . Potentially crucial parameters and sources can be modified in the model 132 to test its sensitivity to these changes. In this way a better understanding of the 133 aluminium cycle can be reached.
134
In this paper we try to model the observed distribution of Al and examine the the observations which we used to check and improve the model will be discussed.
140
The results of the several experiments follow in Section 3, as well as a comparison iments, a small fraction is also dissolved in the water column (see Section 2.1.4).
192
We assume an Al : Fe dust fraction of 8.1 : 3.5, which is based on the mass percent-
193
ages of Al and Fe known to be present in the Earth's crust (Wedepohl (1995) ).
194
The solubility of Al from dust is not well constrained, with reported values ranging 195 from 0.5-86%, but is probably in the range of 1-15% (Orians and Bruland (1986) ; occurs only in the upper model layer, and is described by the following equation:
where D Al is the Al flux into the ocean, α is the fraction of Al that is dissolved, and 
where 
where w s is the sinking speed, given in the mixed layer by a constant w ML and 249 below the mixed layer increasing with depth according to:
where z is the model depth. Once sunk to the ocean floor, we assume that the 251 aluminium is buried permanently. This is described by the following change of 
where the general advection (v · ∇) of the tracers is implicit in the full time deriva- 
271
The surface deposition is shown in Fig. 2 fields. The deposition field ( Fig. 2(a) ) is very similar to the one used by Jickells et al.
288
(2005), except that in our field there is almost no dust deposition near Argentina
289
and Chili.
290
In Fig. 2 we perform five sensitivity experiments (see Table 2 ) with parameters different from 300 the reference experiment.
301
For the reference experiment we use a five percent dissolution of the Al fraction,
302
which is within the known range and close to the values used by Gehlen et al. Table 2 . For all experiments we use the OPA physical fields and atmospheric 320 dust deposition as described in Section 2.1.3. In all simulations, except for the third is the thickness of layer k.
326
The sensitivity simulations can be divided into two types of sensitivity experi- 
Observations
346
For a worldwide global ocean comparison one has to rely on data that was col-347 lected in the era before the reference samples of SAFe and Geotraces were available.
348
Inevitably the definition of criteria for selecting such previously published datasets 
369
The concentration of Al diss between 40
• N and 60
• N is larger than expected based 370 on the dust deposition field ( Fig. 2(a) ). This is because the Gulf Stream and the
371
North Atlantic Current transport Al diss northward before most of it is scavenged.
372
As we will see in Section 4. 6) and the dust deposition flux (Fig. 2(a) ). In the Pacific Ocean the concentration Ocean.
384
In Fig. 7 the modelled Al diss concentration of the reference experiment is shown observations. This problem will be discussed further in Section 4.5. simulations, we will present the results of these simulations. fraction. This experiment will be discussed in Section 3.2.4. 
500
The Al budget is not doubled everywhere. In Fig. 11(b) we can see that in the 501 coastal upwelling region near Chili the increase is only around 95%. This is because 502 the model is not completely spun up, as can be seen in Fig. 12 , so that the increased 
Water column dust dissolution
507
For the reference experiment we included dust dissolution only in the surface ocean. 
539
This is to be expected, since the largest sediment source is on the shelf areas (see mostly concern deep sediment resuspension and to a lesser extend margin sediments.
549
The sediment source in our model is mostly from near-shore sediment resuspension 550 ( Fig. 2(b) ), in line with the findings of Mackin and Aller (1986 The second most important scavenging parameter is the first order rate constant κ.
577
This parameter should have a dynamic effect on the distribution of Al diss , since it 
629
The vertical meridional section in Fig. 8 as also shown by the observations (Fig. 8, with depth in observations. Therefore it is unexpected that in the Atlantic Ocean 2010)) and has the same spatial patterns as known bSiO 2 export fields (e.g.
654
Sarmiento and Gruber (2006)).
655
We should emphasise that we only scavenge Al by biogenic silica. Of course 
663
The importance of scavenging is visible from several features in our model data. we define associated timescales based on our model equations.
691
A priori the relative relevance of scavenging can partly be derived from the model equations. If Eq. 3 is substituted into Eq. 2, we get:
699
Scavenging is the process of adsorption and sinking, so we need to know how layer. In our model, the sinking velocity of bSiO 2 and Al ads is defined to be constant 708 in the mixed layer, namely w s = 30 m/day. Now we are easily able to define the 709 typical sinking timescale: τ sink = D ML /w s , where D ML is the mixed layer depth.
710
The scavenging timescale can be defined as the maximum of the adsorption and the 711 sinking timescales:
This signifies how fast Al is exported from the mixed layer. Except for a few places takes the Al to adsorb onto a particle (τ sink τ trans ) and thus almost everywhere 716 τ scav = τ trans .
717
A typical advection timescale is defined as follows:
Here L is the typical length scale, defined as the horizontal diameter of a gridbox,
719
and V is the horizontal speed. Since the vertical velocity component is very small
, only the horizontal components need to be considered. The 721 meaning of this timescale is that within a time τ adv a dissolved Al particle (or any 722 other non-buoyant tracer) is advected out of a gridbox (if it is not scavenged before).
723
The residence time can be defined as the minimum of the scavenging and the 724 advection timescales. It is the typical time that a Al diss particle stays within a is presented in Fig. 18 . The oligotrophic gyres in the Atlantic, Pacific and Indian
727
Oceans are clearly visible. In the centre of these gyres it takes much longer than one 728 year before Al is exported out of a volume box, either by advection or by scavenging.
729
The modelled Al diss distribution of 
736
If we want to know which of the timescales are more important, a relative relation 737 between τ scav and τ adv must be defined. The number for relative importance of 738 scavenging versus advection for Al export is the following:
The logarithm of this quantity is plotted in Fig. 19 because of the strong current of the Antarctic Circumpolar Current (see Fig. 1 ).
747
In regions where Υ 1, in the low latitudes, advection is more important than Ocean would not be a good candidate. Even though it is a semi-closed basin,
757
internal circulation has an effect of the same order as scavenging. These arguments 758 must be taken into consideration when using one-dimensional models. 
Internal coefficients
795
For the experiments where we changed two internal parameters (k d and κ) we can 796 now analyse the simulations in a more sophisticated manner by using the above 797 timescale approach.
798
As can be seen from the black dash-dotted line in Fig. 20 , the effect of a halved Since this extra Al diss was able to reach the high [bSiO 2 ] site, the effect of the 810 reduced k d is dampened and therefore the ocean Al budget is less than doubled.
811
If we also want to consider advection, we should look at Υ, which is proportional and also further south at a depth around 2 km because this extra Al is advected 826 southward via the MOC (Fig. 17(d) desorbs.
844
In Fig. 21 the logarithm of the relative importance of scavenging, Υ, is plotted turning Circulation (MOC). This is shown in Fig. 22 The source of Si diss is the large amount of diatoms that sink and remineralise 876 south of 50 • S, after which it is advected as AABW as clearly shown in Fig. 22(b) . observations. This is possibly because we miss a sediment source, or an important 
